Cardiac fibroblasts have a central role during the ventricular remodeling process associated with different types of cardiac injury. Recent studies have shown that fibroblasts do not respond homogeneously to heart damage, suggesting that the adult myocardium may contain specialized fibroblast subgroups with specific functions. Due to the limited set of bona fide fibroblast markers, a proper characterization of fibroblast population dynamics in response to cardiac damage is still missing. Using single-cell RNA-seq, we identified and characterized a fibroblast subpopulation that emerges in response to myocardial infarction (MI) in a murine model. These activated fibroblasts exhibit a clear pro-fibrotic signature, express high levels of the hormone CTHRC1 and of the immunomodulatory co-receptor CD200 and localize to the injured myocardium. Combining epigenomic profiling with functional assays, we show Sox9 and the non-canonical TGF-β signaling as important regulators mediating their response to cardiac damage. We show that the absence of CTHRC1, in this activated fibroblast subpopulation, results in pronounced lethality due to ventricular rupture in a mouse model of myocardial infarction. Finally, we find evidence for the existence of similar mechanisms in a pig preclinical model of MI and establish a correlation between CTHRC1 levels and cardiac function after MI.
INTRODUCTION
Cardiac fibroblasts (CF) represent only 10% of the total number of cells in the myocardium; however, they play a critical role in the structural and mechanical maintenance of the heart 1,2 . After myocardial injury, provoked by acute ischemia, CF become activated orchestrating a fibrotic response that leads to generation of a collagen scar, which prevents cardiac rupture 3, 4 . The absence of distinct markers for the identification of CF has traditionally hampered our understanding of the fibroblast roles in cardiac homeostasis. However, the generation of fibroblast-specific reporter strains permits to track the origin and roles of fibroblasts in cardiac homeostasis and disease (reviewed in 3 ) . Although earlier studies suggested the contribution of endothelial cells and bone marrow cells to activated CF 3, 5, 6 , recent studies based on the use of lineage tracing with different Cre drivers indicate that the main source of activated CF are resident fibroblasts that originate from the epicardium during embryonic development [7] [8] [9] . Gene expression profiling studies of different cellular populations after myocardial infarction (MI) have unraveled the pathways mediating CF response to cardiac injury 10 . However, lineagetracing studies have also shown that the fibroblast response to cardiac injury is rather heterogeneous, suggesting that different CF subtypes may play a variable role during the healing process that follows MI 8 . This highlights the need for a better understanding of CF heterogeneity and its impact on processes that mediate repair of the ischemic myocardium
In this study, we used single-cell expression profiling to investigate fibroblast heterogeneity and dynamics during the healing process that follows MI. We identify specific subgroups of CF and characterize the fibroblast subpopulation that becomes activated upon myocardial injury. These responsive fibroblasts present a strong pro-reparative signature, localize to the damaged myocardium, and specifically express high levels of two functionally relevant molecules: the hormone collagen triple helix repeat containing 1 (Cthrc1) 11, 12 and the immunomodulator co-receptor Cd200. Using epigenomic profiling we identify the candidate regulatory network that controls their cellular identity, and functionally validate TGFβ/PI3K signaling and Sox9 as mediators of their specific repair signature. Further, using a knockout model for genetic ablation of Cthrc1 we provide evidence for the essential role of this specific fibroblast population during cardiac healing. Finally, we highlight the translational relevance of our findings showing cross-species evidence of the contribution of the same CF subpopulation in a pre-clinical swine model of MI and in LV tissue of explanted hearts of endstage ischemic cardiomyopathy patients.
RESULTS

Different fibroblast subpopulations are present in the murine heart
To follow the dynamics of the global cardiac fibroblast population in response to myocardial infarction, we use the Col1α1-GFP reporter mouse strain, shown to homogeneously label fibroblasts from different origins 1, 7, 13 . To verify the specificity of this model to identify CF, we compared the transcriptional profile of the putative cardiac (GFP + /CD31 -/CD45 -) and tail fibroblasts, using as external groups, endothelial (GFP -/CD31 + /CD45 -) and bone marrow-(BM) derived cells (GFP -/CD31 -/CD45 + ) (Fig. S1a) . This experiment showed high similarity between the transcriptomes of both sources of fibroblast as compared to endothelial and BM-derived cells (Fig. S1a-c) . In line with this, GFP + /CD31 -/CD45 -cells isolated from Col1α1-GFP cardiac tissue presented a surface membrane profile characteristic of its fibroblastic origin (PDGFRα + , mEFSK4 + /CD11b -, CD90 + /CD45 -) 1 and localized to the site of the injury during the sub-acute and fibrotic phases of cardiac repair at 7, 14 and 30 days post-infarction 4 respectively (dpi) with an increase of GFP + cells after MI (Fig. 1a and Fig. S2a-c) . Taken together, these results indicate that cardiac GFP + cells are bona fide fibroblasts, confirming the applicability of the Col1α1-GFP model to study CF biology during cardiac repair.
Next, to characterize at single-cell resolution the fibroblast response after MI, we profiled the single-cell transcriptomes of GFP + CF in healthy myocardium and at 7, 14 and 30 dpi (Fig. 1b) . Single-cell transcriptomes from each time point (n = 7,079 cells in healthy, 10,448 7dpi, 8,337 14dpi, and 6,805 30dpi) were subjected to quality control filtering and merged into a single data set of 29,176 single-cell using a canonical correlation approach (Fig. S3) . Unsupervised clustering analysis of the global dataset revealed 11 clusters of GFP + cells (Fig. 1c,d ). While ten of these clusters (A-J) represent different fibroblast states, characterized by high levels of fibroblast associated molecules (Pdgfrα, Tcf21, Acta2, Thy1, Ckap4, P4hb, Ddr2, Sca1), cluster K comprises a population with high expression of classical pericyte markers such as Rgs5, Higd1b, and Vtn (Fig. 1d and Fig. S4a,b) 14 . Of the fibroblast clusters, four of them (B, D, I and J) showed specific expression profiles, representing potential functional CF subgroups, characterized by at least two strong specific markers: Cthrc1 and Comp for cluster B, Efhd1 and Cd248 for cluster D, Ifit3 and Isg15 for cluster I and Gdf15 and Trib3 for cluster J (Fig. 1c-d, and Fig. S4a-c) . The remaining fibroblast clusters (A, C, E, F, G and H) showed less specific transcriptomic identities, which likely reflects intermediate CF cell types within a large fibroblast population (Fig. 1c-d and Fig. S4a-c) .
Cluster B represents a population of activated fibroblast localized in the infarcted myocardium To explore the potential role of the different fibroblast subgroups (clusters A-J) during myocardial infarction, we measured their dynamic behavior along the cardiac healing process after MI (healthy and 7, 14 and 30 dpi). While the majority of the fibroblast clusters remained constant in their proportions, only clusters A and B showed a dynamic response to MI. Cluster A comprises 27% of the total fibroblasts in healthy hearts but progressively decreased at 7dpi (25%) and 14dpi (13%), again increasing by 30dpi to a similar level as in healthy myocardium (23%) (Fig. 2a and Fig. S5a) . In contrast, cluster B fibroblasts was almost absent in healthy myocardium (2.3% of the total GFP + cells), rose sharply after MI (12% of total CF at 7dpi and 34% at 14dpi) and began to decrease at 30dpi (12% of the total CF) (Fig. 2a and Fig. S5a ). This pattern suggests that cells in cluster B comprise a transient fibroblast population specific to the healing process. In line with this, cluster B fibroblasts presented an expression signature related to processes involved in tissue repair, such as extracellular matrix organization (ECM), cell proliferation and cell-substrate adhesion (Fig. 2c and Fig. S4d ). This is reflected by high and specific expression of structural molecules including Fibromodulin (Fmod) and the Cartilage Oligomeric Matrix Protein (Comp) and by enzymes involved in collagen metabolism including Dimethylarginine Dimethylaminohydrolase 1 (Ddah1), Lysil oxidase (Lox), and Pleiotrophin (Ptn) 15, 16 (Fig. 2b) . Periostin (Postn), a soluble mediator involved in cardiac remodeling 9, 17, 18 , also showed an expression pattern enriched for cluster B fibroblasts, altough its specificity for this fibroblast subpopulation was not as prominent as other repair associated molecules like Ddah1 and Lox (Fig. S5b and Fig. S6 ). On the other hand, Cthrc1, a hormone connected to vascular remodeling and fibrotic processes [19] [20] [21] was identified as a top marker of cluster B fibroblasts at 7 and 14 dpi (Fig. S5b) . Notably, the pro-repair expression signature of cluster B fibroblasts showed marked dynamics during the healing process as defined by changes in 788 genes (adjusted p-value < 0.05) after MI (Fig. 2d) . These changes are organized in three main transcriptional waves: early, intermediate and late, which are enriched in specific functions involved in the repair process. For instance, while collagen related genes and different proteases peak during the intermediate cardiac healing stage (7-14 dpi), several protease inhibitors and cartilage structural genes were upregulated only in the late phase (30dpi), consistent with a balance between synthesis and resorption of ECM components after MI 22 (Fig. S5c) .
The highly specific expression of ECM related genes in cluster B fibroblasts suggests a profound association of this population with the formation of the fibrotic scar. To interrogate the location of these cells in relation to the infarcted myocardium, we performed histological analysis (7, 14 , 30 dpi) and zonal transcriptomic profiling of the infarct, border and remote zones at 7dpi. Immunohistochemistry analysis of three specific cluster B markers (Cthrc1, Ddah1, Fmod) revealed that CF expressing these molecules are almost exclusively located in the infarct and border zone at 7, 14 and 30 dpi (Fig. 2e and Fig. S7 ). In agreement, zonal RNAseq profiling of the infarcted heart at 7dpi denoted a clear enrichment for cluster B specific expression signature in the infarct area (Fig. 2f) . By contrast, none of the remaining clusters (A, C-K) showed a strong connection with the infarct (IZ) or border areas (BZ) at 7dpi, suggesting a looser association of these populations with the damaged tissue. Taken together, our results identify cluster B fibroblasts as a defined subpopulation of CF that (i) emerges in response to myocardial injury, (ii) presents a strong and dynamic pro-fibrotic signature and (iii) localizes to the damaged tissue. These properties suggest that this CF subpopulation plays a major role in the repair process that gives rise to the collagen scar formation, which has led us to call them Infarct Repair Cardiac Fibroblasts (IRCF).
The immune-modulator co-receptor Cd200 is a specific marker of Infarct Repair Cardiac Fibroblasts Next, we searched for specific markers to isolate the IRCF subpopulation. To this purpose, we examined the expression patterns of membrane receptors associated with fibroblast activation in our single-cell dataset. None of the classical activation markers such as Pgp1 (Cd44) 23 , or fibroblast markers Thy1 (Cd90) or Pdgfrα (Cd140a) 24 showed specificity for IRCFs (cluster B) (Fig. 3a) . On the other hand, the immunomodulatory co-receptor Ox-2/Cd200 25 was specifically expressed in cells of clusters B (62.8%) and K (50%), which comprise IRCF and pericytes respectively (Fig. 3a,b) . Additionally, CD200 + /GFP + co-localizes with COL1α1 protein to the middle of the scar at 7, 14, and 30 dpi (Fig. 3d) . To evaluate whether CD200 could be used to isolate IRCF, we FACS-sorted CD200 -and CD200 + fibroblasts using CD146 (Mcam) to discard pericytes (cluster B 2.9% and cluster K 48.2%) (Fig. 3c and Fig. S8a,b) and profiled their respective gene expression signatures at 7dpi (Fig. 3c) . We found that compared to CD200 -fibroblast, CD200 + CF expressed much higher levels of cluster B markers and display a significant similarity with the aggregated expression signature of cluster B cells (Fig.  3c and Fig. S8c) . This confirms the specific presence of the co-receptor CD200 in the membrane of IRCF (cluster B CF), highlighting an alternative to isolate activated fibroblasts after MI.
Potential transcription factors regulating IRCF response
To explore the regulatory mechanisms involved in the activation of cluster B fibroblasts (IRCF), we profiled the chromatin accessibility patterns (ATAC-seq) of CD200 + and CD200 -fibroblasts at 7dpi, and of global CF population (GFP + ) in healthy myocardium and at 7, 14 and 30 dpi (Fig. 4a) . We observed the highest chromatin accessibility for cluster B specific loci in CD200 + CF (Fig. 4a and Fig. S8c ). Next, to identify which transcription factors (TFs) regulate IRCF identity, we performed motif analysis on IRCF specific distal accessible regions (>1.5 Kb away from TSS). This analysis identified a group of potential regulators comprising: members of the AP-1(JUN) and NF-κB families (RELA), which are involved in inflammatory responses; SMAD factors, known to mediate fibrotic processes 26 ; TEAD factors, known 6 regulators of fibroblast fate; and Runx1 a central regulator in relevant developmental processes (Fig. 4b) . In addition, to circumvent limitations due to biased motif annotations, we leveraged public ChIP-seq databases to find TFs whose binding patterns are enriched in the vicinity of cluster B genes. This approach confirmed many of the candidates identified in the motif approach and highlighted additional TFs such as SOX9, RXRA whose binding footprints were not significantly enriched in our motif analysis (Fig. 4c) . Most of the uncovered potential regulators, such as AP1 and SMAD factors, are ubiquitous factors involved in mediating fast signal transduction responses and, not surprisingly, their single-cell expression patterns showed no specificity for cluster B fibroblasts (IRCF) (Fig. S9a) . On the other hand, Runx1 and Sox9 belong to known lineage regulatory TF families and, interestingly, their single-cell expression patterns showed specificity for cluster B CF, suggesting a central role in regulating the cellular identity of IRCF (Fig. 4b,c) . To validate this hypothesis, we overexpressed Sox9 and Runx1 in cultured CF obtained from healthy hearts and then measured their ability to induce a cluster B specific signature using RNA-seq (Fig. 4d and Fig. S9b ). With the exception of Cthrc1 and Ptn, overexpression of Runx1 failed to induce specific transcripts of cluster B fibroblasts. However, Sox9 overexpression induced the expression of 23% of cluster B specific genes (28 genes FC>1.5 p-value <0.05), indicating the potential of Sox9 to promote an activated IRCF phenotype ( Fig. 4d and Fig. S9b ).
IRCF response is partially mediated by non-canonical TGF-β signaling TGF-β signaling has been involved in a variety of fibrotic processes 26 . In our data, gene set enrichment and motif enrichment analyses of cluster B specific genes identified TGF-β and SMADs, pointing at canonical TGF-β signaling as a key pathway mediating IRCF response (Fig. 2c and Fig. 4b ). To further dissect the signaling route connecting TGF-β stimulation to IRCF specific genes, we build a network spanning protein signaling and gene-regulatory interactions and used a graph-theory-based analysis on our single-cell expression dataset to identify the signaling proteins that are "in between" TGF-β receptors and cluster B marker genes. Surprisingly, rather than the canonical/SMAD pathway, this analysis highlighted the non-canonical TGF-β/PI3K-Akt signal transduction branch as the main driver of cluster B gene expression (Fig. 4e) . To validate the implication of TGF-β/PI3K-Akt signaling pathway in mediating IRCF response to MI, we stimulated CF in vitro with TGF-β with and without LY294002, a known PI3K-Akt inhibitor (Fig. S9c) 27 . TGF-β stimulation recapitulated 25% of the cluster B specific expression pattern (33 genes FC>1.5 p-value<0.05) confirming the potential of TGF-β to trigger an IRCF response (Fig. 4d) . However, this effect was significantly abolished upon PI3K-Akt inhibition (Fig. 4f and Fig. S9d ). In addition, using a wound healing model, we observed that the ability of fibroblast to induce migration was enhanced by TGF-β but abolished in the presence of the PI3K inhibitor ( Fig. 4g and Supplementary Movie 1) . These results emphasize the relevance of the non-canonical TGF-β1/PI3K-Akt signaling in controlling cluster B specific expression. This results do not rule out a potential role of the canonical TGF-β signaling as high SMAD motif enrichment was identified in accessible chromatin of cluster B cells. Moreover, the absence of SMAD proteins in our betweenness analysis might be due to the constitutive expression of these factors across the single-cell fibroblast clusters. Thus, our results suggests that TGF-β signaling mediates IRCF fibrotic response during MI via both, canonical/SMAD and non-canonical pathways.
CTHRC1 mediated IRCF activity is essential for the formation of the healing scar
Having explored molecular mechanisms that regulate IRCF identity, we set out to assess their physiological roles during cardiac repair. To this end, we studied the progression of cardiac repair in mice with genetic ablation of the hormone Cthrc1 (Cthrc1-KO) 21 , an IRCF top marker that has been linked to several fibrotic processes 19 . Cthrc1-KO mice undergoing MI showed a dramatic decrease in survival due to rupture of the free wall of the left ventricle between 5-7 dpi in comparison with wild-type (WT) animals (70% KO vs 20% WT) (Fig. 5a ). This was reflected by the reduction in the fractional shortening (FS) (p=0.011 in comparison with WT) and an increment in LVIDd and LVIDs observed at 7dpi (p=0.013 and 0.009 respectively in comparison with WT) (Fig. 5b) . These results indicate a crucial role for CTHRC1 in myocardial repair. Of note, CTHRC1 expression was not detected in non-fibroblastic cardiac cells (endothelial, BM-derived or cardiomyocytes) in infarcted hearts of WT animals ( Fig. 5c and Fig. S10a,b,d ). This highlights the specificity of Cthrc1 for fibroblasts and indicates that the dramatic phenotype observed in Cthrc1-KO animals is due to the ablation of this gene in CF.
To unravel the mechanisms underlying Cthrc1 beneficial effects during MI, we analyzed the bulk and single-cell transcriptomes of CF in the Cthrc1-KO background between 5-7 dpi. Surprisingly, we found that the proportion of cluster B-like cells in Cthrc1-KO hearts is similar to the proportion in WT mice at 7dpi, indicating that the absence of Cthrc1 does not affect the induction of cluster B CF after MI ( Fig. 5d and Fig. S10e ). However, even though the emergence of cluster B fibroblasts was not affected, differential expression analysis between WT and KO strains at 5dpi detected significant differences between WT and KO CF populations (113 genes adjusted p-value <0.05) (Fig. 5e ). In particular, we found that KO CF failed to activate genes related to cell division, proliferation, and protein synthesis upon MI ( Fig. 5e,f) . This indicates that Cthrc1 mediates its cardioprotective effect by activating proliferation and protein synthesis in CF, functions that are crucial for the formation of the fibrotic scar. In line with this, we found that collagen deposition in KO infarcted hearts was significantly decreased (50%), reflecting a compromised protein synthesis capability in CF upon CTHRC1 disruption ( Fig. 5g and Fig. S10c ). Taken together, these results suggest that IRCF orchestrate cardiac repair at two levels: by deposition of ECM molecules and by secreting molecules, such as CTHRC1, that reinforce the proliferative and ECM deposition abilities of CF.
An IRCF like expression signature is detected in pre-clinical models of myocardial infarction
To assess the translational potential of our findings, we examined whether the IRCF expression signature can be detected in a pre-clinical pig model of MI (ischemia/reperfusion (I/R)). To this aim, twenty-three pigs were subjected to MI and sacrificed at 8 or 180 dpi for gene expression profiling (RNA-seq) and histological analysis (Fig. 6a ). In addition, 2 healthy pigs were used as controls. Since fibroblast surface markers are poorly characterized in porcine models, we analyzed the global myocardial transcriptome of total cell lysates obtained from infarct (IZ) and remote zones (RZ) (Fig. 6b) . Despite the lack of cell type resolution, our approach was able to detect the induction of 33% and 32% of the IRCF signature at 8dpi and 180dpi respectively in the IZ but not in RZ (Fig. 6b) . In agreement, CTHRC1 + cells were spatially located to the IZ but not in the RZ, in the same region where deposits of COL1α1 and POSTN were found (Fig.  6c) . These results indicated that a population of CF similar to the murine IRCF appears after MI in our swine pre-clinical model.
The severity of the Cthrc1
-/-phenotype suggests that the levels of Cthrc1 could be an important factor influencing the outcome of the cardiac healing process after acute ischemic injury. To assess this possibility we measured the expression of CTHRC1 in animals with preserved (>45%) and reduced (≤45%) Ejection Fraction (EF) at 180 dpi (Fig 6d) . Surprisingly, even though in the early stages of cardiac healing in mice CTHRC1 is critical to prevent cardiac wall rupture, we found that at later stages (180 dpi) the level of CTHRC1 expression in the wounded myocardium (BZ, IZ) is significantly higher in the of group of pigs with cardiac dysfunction. Accordingly, a negative correlation between the level of expression of CTHRC1 and the EF in the IZ was found (p<0.01 and p<0.05, respectively) (Fig. 6e,f) . On the other hand, a positive correlation between infarct area and the expression of CTHRC1 was found (Fig. 6g) . These results suggest that levels of CTHRC1 are associated with the fibrotic response. Similarly, levels of COL1α1 were also associated with cardiac dysfunction (Fig 6e) . Finally, gene expression analysis in samples from left and right ventricle (LV and RV) in 2 patients with MI revealed an increase in CTHRC1 levels and an IRCF like signature in human heart biopsies derived from the ischemic territory of patients with ischemic cardiomyopathy but not in the remote, nonischemic zones (Fig. 6h) . These findings highlight the potential role of CTHRC1 + IRCF in orchestrating the cardiac repair process in patients after MI and suggest that cardiac levels of CTHRC1 may be a biomarker of cardiac dysfunction after MI DISCUSSION As the main cellular component responsible for cardiac healing after MI, CF are an attractive therapeutic target. However, the lack of bona fide markers that define CF, the evidence of their heterogeneity and the limited understanding of the molecular mechanisms underlying their activation has precluded the development of successful therapies targeting fibrotic remodeling. Using a reporter mouse strain that unequivocally identifies CF, we have contributed not only to characterize the unappreciated heterogeneity of the CF population and its response to MI but more importantly, we identify a specific population of activated CF responsible for the response to the ischemic injury (IRCF), establish specific markers, demonstrate their functional role after MI and provide insights into their mechanism of regulation.
Non-myocyte cardiac cell heterogeneity has been recently characterized based on FACS sorting different populations of immune, endothelial and cardiac fibroblast 14, 28, 29 or on the usage of lineage tracing models such as PDGFRα 30 or POSTN 9 reporter mice. Most of these studies, focus on the early phase after cardiac injury 30 and assessed other pathological conditions 9, 28, 29 . In contrast, we focused on the heterogeneity of CF, analyzing a significantly larger number of cardiac fibroblasts collected from healthy and infarcted mice (29,176). In addition, our cell selection strategy was based on a different tracing model, potentially explaining some of the differences observed. For instance, Kretzschmar et al. identified 11 clusters within 282 CF at 14dpi using Mki67-RFP reporter mice 28 . In this study, the authors described a subpopulation of activated CF located in the scar region with a similar function that IRCFs. However, both populations of CF are characterized by different markers, most probably because of the low number of Mki67 + CF included in the scRNA-seq study, and the reporter mice used. Interestingly, Faberhi et al. described 9 subpopulations of PDGFRα + CF with a similar transcriptomic profiles that our subpopulations of Col1α1-GFP + CF at 7dpi 30 . However, our data indicate that CF that express Pdgfrα are contained within Col1α1-GFP + CF (Fig. 3a and  Fig. S2a) , suggesting that PDGFRα-GFP CF are included into the IRCF population.
A recent study has defined the CF response after MI using three different mouse models of cell lineage tracing 31 . The results of this study, based on stage specific transcriptomics, suggest a model of CF kinetics that includes the initial proliferation followed by activation and migration of CF and eventually the conversion of these activated CF into non-proliferating, matrixproducing fibroblast named "matrifibrocytes" 31 . IRCF show a similar transcriptional signature and anatomical location into the fibrotic scar to "matrifibrocytes" (Fig. 2e and Fig. S5b) . Here, we provide additional insights into the functional role and transcriptional regulation demonstrating that IRCF are specifically located in the infarct zone but not in the remote areas of the myocardium as shown both by zonal RNA-seq as well as immunohistochemistry analysis. In addition, this population is almost absent in healthy myocardium but accounts for more than 30% of the CF at 14dpi, further supporting their role in the healing process and making IRCF an attractive target for therapy. Surprisingly, although deletion of Cthrc1 was associated with increased mortality due to the reduction of the fibrotic response, the specific population of IRCF was still detected in the myocardium using scRNA-seq and immunohistochemistry, even though significant changes in their proliferative signature were observed. Future studies should addressed whether deletion of IRCF using Cre-inducible DTR transgenic mice models instead of deletion of the Cthrc1 hormone would result in a different outcome 32 . Based on their proliferation, a population of activated CF identified by their expression of Fstl1 and responsible for preventing cardiac rupture after MI has recently been characterized 28 which could also be part of our IRCF.
CTHRC1 is a secreted protein that has the ability to inhibit collagen matrix synthesis through inhibition of TGF-β signaling 20, 21, 33 and that appears as a top marker gene for IRCF. Although expression of Cthrc1 has been previously identified as a potential marker for activated CF after MI in mice 9, 30 and humans 29 , the longer follow-up in our study (up to 30dpi) may explain why it was not previously identified as a key player in the cardiac repair process. According to our results, expression of Cthrc1 peaks at 14dpi and decreases thereafter. Besides the potential for defining the population of IRCF, this dynamic suggest that expression of Cthrc1 may be responsible for promoting the fibrotic response after MI, an essential part of the healing process 3, 34 . Targeted ablation of other markers of activated CF such as Postn 9, 35 or Fstl1 28 have been associated with increased mortality after MI. Interestingly, timing of Postn deletion seems to modify the outcome after MI 9, 35 . Our results in a pre-clinical model of MI provide additional translational relevance to our findings as expression of CTHRC1 was upregulated in the infarct zones with identification of CTHRC1 expressing cells in these zones and not in the remote myocardium, consistent with findings in our mice models. Unlike studies performed in mice, RNA-seq studies in pig and patients were performed on whole cell lysate from infarct tissue. Expression of CTHRC1 has been mostly detected in cardiac fibroblasts in the heart as well as other areas outside the heart tissues such as brain 36 and bone 12 , with bone being the source of CTHRC1 detectable in circulation 37 . The relation between CTHRC1 expression and function indicates that CTHRC1 may represent an interesting biomarker of cardiac remodeling after MI.
Expression of Cd200 was detected in more than 60% of the IRCF but more importantly, was not present in other CF populations. CD200, previously known as OX2, is a membrane glycoprotein initially described to be broadly distributed in activated immune and endothelial cells that plays an important role in immunosuppression and regulation of anti-tumor activity [38] [39] [40] . A variety of in vitro and in vivo studies have strongly suggested that CD200 negatively regulates myeloid functions, particularly cells of the macrophage/dendritic cell lineage 41 . The increased and specific expression of Cd200 in IRCF makes tempting to hypothesize that its expression after MI may be implicated in controlling inflammation and immune response after MI 34, 42 .
Understanding the regulation of IRCF will be essential for identification of therapeutic strategies. Our transcriptomic studies together with our binding site analysis indicate a potential role for different transcription factors (Sox9, Runx1 or Smad) in the generation of IRCF. In fact, these TFs have been previously implicated in cardiac fibrosis 43, 44 and fibroblast regulation 45 although based on these studies and our own results it is unlikely that there is a single master regulator, but rather a combination of TFs (Fig. 4b,c and Fig. S9a) . TGF-β signaling pathway represents the master regulator in activation of fibroblast and the development of cardiac fibrosis 46,47 , where canonical signaling involves activation of SMAD2 and SMAD3 leading to promotion of myofibroblast formation and ECM production [48] [49] [50] . Interestingly, our results demonstrate that the non-canonical TGF-β/PI3K-Akt signaling pathway also plays a significant role in the expression of Cthrc1 and the activation of IRCF (Fig. 4f and Fig. S9d) . Although further studies of the downstream mechanisms controlling these processes are required, our findings along with the development of specific inhibitors of the PI3K/Akt pathway could define new targets for modulating cardiac fibrosis after MI 51 .
In conclusion, our study including the largest number of CF interrogated by scRNA-seq clearly demonstrates the remarkable heterogeneity of CF after MI and defines a specific subpopulation, characterized by the expression of specific markers. Insights provided into their regulation and the functional results indicating their role in the healing process after MI should help in the search for a more personalized treatment allowing the control of the fibrosis size in patients with MI. (Fractional shortening (FS, %) ), End-diastolic left ventricular internal diameter (LVIDd), End-systolic left ventricular internal diameter (LVIDs). n = 10 for WT and KO before MI, n=8 (WT) and n=3 (KO) at 7dpi. GFP/CD200/COL1A1/Nuclei GFP CD200 
